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(57) Abstract 

A svstem ( 1 0) for cxtemally locating a sensor in tissue, comprising an external probe including at least first and second clcctromagn^^^^^^ 
output^^c^riHa w^^^^^^^^ longitu'dinal axes; and output coil (2) ^^verjor al^^^^ 

forV-ting a time-varying magnetic field which P^-^^^^ air/t^c^ 3^^^^^ 

developing an induced electncal voltage m response to the ^^^'^^^^^f ™^ output coils i\2) and the sensor coil 

voltage from the sensor coil (30). for determmmg ^^^^^^^^^^ and the longitudinal axes of 

(30), independently of the relative angle, m a honzontal plane, between the «^nsor con uu; longiwui b 
the output coils (12); and a direction deteiminator for deicimining and displaying the direction, m the horizontal plane, m which the sensor 
coil (30) longitudinal axis is pointing. 
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CATHETER DEPTH, POSITION AND 
ORIENTATION LOCATION SYSTEM 



RELATED APPLICATIONS 
This application is a continuation in part of copending application serial number 
07/755,024, filed on September 4, 1991, and issued on June 20, 1995, as United States Patent 
No. 5,425,367, which is hereby incorporated by reference. 

FIELD OF INVENTION 
This invention relates to a system for locating the depth, orientation and position of a 
catheter inside biological tissue. 



In today's practice of medicine, catheters are routinely required to be positioned inside 
the human body. Catheters are frequently hollow tubes that infuse fluids into or extract fluids 
from body organs. Catheters may also contain conductive wires for delivering electrical 
impulses, such as pacemaker wires, or contain devices for sensing physiological functions such 
as temperature, blood pressure, and cardiac output. Catheters may contain optical fibers for 
obsemng the interior of body organs. A catheter may also be solid, such as a guide wire 
which is used to direct other catheters into body orifices, incisions or vessels. 

Typically, catheters may be placed in the cardiovascular system, the digestive tract, the 
respiratory system, soft tissue, or other internal systems such as the excretory system. In most 
instances, catheters are placed using fluoroscopy or x-ray as a guide both during the procedure 
and as a confirmation that the device has been properly positioned. However, because of the 
cost of the equipment, fluoroscopy and x-ray are generally available only in the high cost 
operating room setting or in special procedure laboratories. Furthermore, there is a real 
concern about the repeated exposure of physicians, nurses and technicians to excessive 
radiation because of the multiple exposures required during placement and confirmation. 

Two approaches to resolving these problems are disclosed in Van Steenwyck et al., 
U.S. Patent No. 4,905,698. Van Steenwyck et al. disclose a catheter locating device which 
employs a sensing coil of wire embedded in the tip of a catheter tube, with the two coil wires 
brought out of the catheter to an external amplifier and detector circuit. The external probe 
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contains two electromagnetic coils, one paralld to the skin (hereinafter called horizontal 
because the patient is generally in a supine position) and the other perpendicular to the skin 
(hereinafter called verticalX each driven by an electronic oscillator so that a high frequency 
magnetic field is generated by either coil. The device has a switch for alternatively energizing 
one or both of the coils. The sensing coil in the catheter senses the strength of the magnetic 
field generated by the horizontal (parallel) external coil, and the phase of the field generated by 
the vertical (perpendicular) external coil. The field strength at the sensor coil is inversely 
related to the distance between the horizontal coil and the sensor coil. The relative phase 
between the vertical coil drive signal and the resulting induced signal is indicative of the 
position of the vertical coil in relation to the sensor coil; the signals are in phase when the 
vertical coil is behind the sensor coil, the signals are out of phase when the vertical coil is in 
front of the sensor coil» and there is no induced signal in the sensor coil when the vertical coil 
is directly over the sensor coil. 

Although the Van Steenwyck et al. device can relatively accurately locate the 
orientation and position of the catheter, it has a number of disadvantages which make it 
difficult and time consuming to use in the clinical setting. First, the device requires repeated 
scans with the probe parallel, then perpendicular, then rotated relative to the axis of the 
catheter. Further, the technique requires marking several external probe positions on the 
patient's skin and drawing a connecting line between them in order to establish the position of 
the sensor. Finally, the device requires switching repeatedly between the two external coils in 
order to verify the position and direction of the catheter sensor coil. Between 8 and 12 
separate steps are necessary in order to establish the catheter position and direction. 
Furthermore, no quantitative indication of depth is given by the Van Steenwyck et al. device. 
The depth of the catheter below the surface of the skin can only be inferred from the signal 
strength displayed on the meter, and from the setting of the range-selector switch. 

SUMMARY OF INVENTION 

It is therefore an object of this invention to provide a system for externally locating the 
position, angular orientation and depth of a catheter which is simple and easy to use. 

It is a fiirther object of this invention to provide such a system which does not require 
repeated scans in a number of different directions. 
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It is a further object of this invention to provide such a system which does not require 
marking probe positions on the patient's sldn. 

It is a further object of this invention to provide such a system which does not require 
the operator to switch between coils. 

It is a further object of tiiis invention to provide such a system which completely 
eliminates the need for x-ray or fluoroscopy guidance during catheter placement. 

It is a further object of this invention to provide such a system which gives a numerical 
display of the depth of the catheter below the skin, and a display indicating the direction in 
which the catheter is pointing. 

This invention accomplishes the above objects, that is, an effective, asy to use 
catheter location system, by providing a pair of mutually perpendicular, coplanar, horizontal 
(parallel to the skin) electromagnetic coils driven alternately (sequentially) to generate a time- 
varying magnetic field. The field is detected by a sensor in the catheter. The system 
determines the depth of the catheter, independent of the relative angle between the probe axis 
in its horizontal plane and the angle of the sensor coil axis in its horizontal plane. When the 
probe is directly over the sensor, the strength of the signal induced in the sensor is related to 
the actual depth of the sensor below the probe. 

This invention features a system for externally locating a sensor in tissue. The sensor 
is typically in a catheter inserted in the patient. The system is able to determine the depth of 
the sensor, and the direction in which the catheter tip is pointing, as well as locating the center 
of the sensor. These features may be provided in a small, hand-held instrument which is 
moved by the physician over the patient's skin. The instrument, in one embodiment, provides 
an audible and/or visible signal when the instrument is located directly over the sensor in the 
catheter tip. At the same time, the depth of the catheter is displayed. There is also a display 
of the approxunate true direction in which the catheter tip is pointing. This allows the user to 
ensure correct placement of the catheter carrying the sensor. 

In one embodiment, the system includes an external probe which has at least first and 
second electromagnetic output coils with non-parallel longitudinal axes. In the preferred 
embodiment, there is a pair of mutually perpendicularly-oriented electromagnetic coils which 
are horizontal (parallel to the supine patient's skin), coplanar, and wound on a unitary cross- 
shaped core. 
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The system in this embodimeiit further includes an output coil driver means for 
alternately energizing the first and second output coiis to generate a time-varying magnetic 
field outside of the patient's skin. The system fiirther includes a sensor coil situated in the tip 
of a catheter, having a longitudinal axis, which develops an induced electrical signal in 
response to the time-varying magnetic field fi-om the output coils in the external probe. There 
is a distance determinator, responsive to the induced signal generated by the sensor coil, for 
determining the distance between the output coils and the sensor coil, independently of the 
relative angle, in a horizontal plane, i.e., in a plane parallel to the output coils' axes, between 
the projections into the horizontal plane of the sensor coil longitudinal axis and the 
longitudinal axes of the output coils. Thus, the depth determination is not dependent on the 
angle between the sensor coU longitudinal axis and the longitudinal axis of either of the output 
coils. 

The output coil driver means may alternately energize each of the at least two output 
coils with a high firequency drive signal. In one embodiment, the output coil driver means 
includes means for sequentially energizing a first, and then a second, of the output coils with a 
high fi-equency drive voltage, and then sequentially energizing the first and then the second 
output coils with the high fi-equency drive signal in reversed phase, to produce a virtual 
rotating magnetic field. In a second embodiment, the two output coils are alternately 
energized without phase reversal. By calculating the sum of the squares of the resulting 
induced sensor voltages, a value can be derived which is dependent on the distance between 
the sensor and the output coils, but independent of the sensor-probe horizontal angle. 

The qrstem may fiirther include a distance display associated with the external probe 
for providing an output indicative of the distance between the external probe and the sensor. 

The system preferably fiirther includes a direction determinator for resolving the 
relative horizontal angle between the sensor coil longitudinal axis, and the longitudinal axis of 
at least one of the first and second electronuignetic output coils. The direction determinator 
may include means for calculating the tangent of the angle by dividing the induced sensor 
voltage caused by one output coil by the induced sensor vohage caused by the second output 
coil. The direaion determinator may also include a phase comparison circuit for determining 
whether the voltage induced in the sensor by the first output coil is in phase or out of phase 
with the coil drive voltage for the first output coil. The phase comparison also determines 
whether the voltage induced in the sensor by the second output coil is in phase or out of phase 
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with the coU drive voltage for the second output coU. There is preferably also inchided a 
visual display for displaying the true direction of the sensor coil longitudinal axis. The true 
direction is derived from the resolved relative horizontal angle, and indicates the actual 
direction in which the catheter tip is pointing. 

For determining when the external probe is near or over a plane which bisects the 
sensor coU and is nonnal to the sensor coD longitudinal axis, the external probe may include a 
third electromagnetic output coil with a longitudinal axis which is transverse to the 
longitudinal axes of the first and second electromagnetic coils. Preferably, the third 
electromagneUc output coil longitudinal axis is vertical (axis perpendicular to the axes of both 
of the horizontal coUs). The output coil driver means in that case energizes the third output 
coU with a third output coil high frequency drive voltage, for generating a second magnetic 
field v*ich penetrates the patient's skin to induce an additional electrical signal in the sensor 
coil. There is a sensor coU position determinator which determines, from the third output coU 
high frequency drive voltage, and the additional electrical voltage induced in the sensor coil, 
when the longitudinal axis of the third output coil is proximate a plane bisecting the sensor coil 
and perpendicular to the sensor coil longitudinal axis. This sensor coil position determinator 
may be accomplished with a phase comparator for determining whether the third output coil 
drive signal is in phase or out of phase with the sensor coil voltage induced by the third coil 
magnetic field. The sensor coil position determination may be displayed with a display 
associated with the external probe which provides an output indicative of the determined 
pontion of the sensor coil in relation to the probe. 

Alternatively, the sensor coil position determinator may be accomplished with a 
voltoge determinator for determining the sensor coil voltage induced by the vertical output coil 
magnetic field. In this embodiment, the sensor coil position determinator may fiirther include 
a storage device which stores the peak induced sensor voltage. The sensor coil position 
determinator may then fiirther include means for establishing a voltage threshold value which 
is less than the stored peak voltage, and means for determining when the induced sensor 
voltage drops below the voltage threshold value. The vohage induced in the sensor coil by the 
vertical output coildrops as the external probe approaches the plane that bisects the sensor coil 
and is perpendicular to the longitudinal axis thereof at the midpoint of the sensor coil. 
Accordingly, the described arrangement determines when the longitudinal axis of the third 
output coil is approaching the plane bisecting the sensor coil. There may then further be 
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included means for resolving when the induced sensor voltage rises at least a predetennined 
relative amount above the voltage threshold value after the induced voltage has dropped below 
the threshold value, for resolving when the longitudinal axis of the third output coil has moved 
&rther from the plane bisecting the sensor coil. This sequence is thus an indication that the 
probe has approached and passed the plane. There may be included means for enabling the 
resolution of this voltage rise only within a specific time mterval after the voltage has dropped 
below the voltage threshold, in order to reduce the likelihood of incorrect sensor coil midpoint 
determinations. This time interval is preferably adjustable. In one embodiment, there may 
further be included means for decaying the stored peak voltage over time, to also reduce the 
likelihood of incorrect sensor coil midpoint determinations. These features inhibit false 
readings which can occur at locations fairiy distant from the sensor coil, at which the induced 
signal strength drops due to the distance between the output coil and the sensor coil. 

In the preferred embodiment, the external probe includes two perpendicular, 
horizontally-oriented coils wound on a cross-shaped core, and a third, vertically-oriented coil. 
The coils of the horizontal coil pair are driven alternately with a high frequency voltage to 
generate a time-varying magnetic field which is sensed by the sensor coil wound coaxially very 
close to the tip of a catheter inserted in a patient. The vertical coil is also driven with a high 
frequency voltage. The same voltage may be used to drive all three coils if the coil drive 
voltages, and the induced sensor coil voltages, are time-multiplexed. In this case, the induced 
sensor voltage is comprised of discrete segments which are induced by each of the two 
horizontal coils, and the vertical coil. 

The sensor voltage induced by the horizontal output coils is related to the sensor-to- 
coil distance, and is also related to the horizontal angle of the sensor axis relative to the axis of 
the appropriate output coil. By sensing vohages induced by mutually perpendicular horizontal 
coils, and finding the vector sum of those signals, the resulting quantity is independent of the 
horizontal angle of the sensor axis relative to the axes of the output coils. Thus, a voltage is 
generated which is related to sensor-to-output coil distance, but is independent of the relative 
horizontal angular orientation of the probe and the sensor. 

In the preferred embodiment, when the sensor midpoint is detected using the sensor 
voltage induced by the vertical coil, the sensor voltages induced by the horizontally-oriented 
output coils are measured, and the sensor true direction is calculated and displayed at the most 
accurate location. 
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Other objects, features and advantages will occur to those skiUed in the art from the 
following description of preferred embodiments and the accompanying drawings, in which: 

Fig. 1 is a simplified schematic block diagram of one embodiment of a catheter locating 
system according to this invention; 

Fig. 2A is a schematic diagram of the pair of horizontal field generating coils located 
over the catheter of the system of Fig. 1, useful in illustrating the catheter depth determination 
accomplished by the system of this invention; 

Fig. 2B is a graph of sensor coil voltage induced by the pair of horizontal field 
generating coils of Figs. I and 2 A, at four different catheter depths as the horizontal field 
generating coils are moved horizontally along the patient's skin; 

Fig. 3 is a view similar to that of Fig. 2A, illustrating the relative horizontal angular 
orientation of the sensor coil lon^tudinal axis, the longitudinal axes of the two horizontal field 
generating coils, and the phases of the induced sensor voltages relative to the phases of the 
respective output coil drive voltages; 

Fig. 4A is a cross-sectional, schematic view of a catheter and one embodiment of the 
external probe of this invention that uses a vertically-oriented output coil; 

Fig. 4B is an alternate form of an output coil set incorporating a vertically-oriented 
output coil; 

Fig. 5A is a view of the sensor showing an edge view of the plane which bisects the 
sensor midpoint; 

Fig. SB is a graph of sensor coil output voltage induced by the vertical coil of Fig. 4 
versus the distance of the vertical coil fi-om the plane bisecting the sensor coil and 
perpendicular to the sensor coil longitudinal axis for three different sensor depths; 

Fig, 6 is a schematic electronic diagram of the preferred embodiment of the system of 
this invention; 

Fig. 7 is a timing diagram for the circuit of Fig. 6; 

Fig. 8 depicts the multiplexer output for the system of Fig. 6, showing reference, 
battery, test sensor and sensor coil voltages; 

Fig. 9 is a flow chart illustrating the programming of the microprocessor of Fig. 6, and 
the operation of the system of Fig. 6; 





wo 96/32060 



PCT/US96/04966 



-8- 



Fig. lOA is a top plan view of one form of an external probe for the system of this 
invention; 

Fig. lOB is an enlarged view of the distance display of the probe of Fig. lOA; and 
Fig. 1 1 is a top plan view of an alternative design for the external probe of the system 
of this invention. 



This invention may be accomplished in a system for externally locating a sensor in 
tissue. The sensor is typically an inductive coil placed within a catheter near its tip. The 
system also includes an external, hand-held probe which generates electromagnetic fields 
which penetrate the patient's skin and couple to the sensor coil. The induced sensor coil 
voltages are detected. The sensor coil voltages, and the drive signals used to create the 
electromagnetic fields in the external probe, are compared, to determine the distance between 
the probe and the sensor coil, the relative angular orientation, in a horizontal plane, between 
the catheter and the probe, and to determine when the probe is directly over, or very close to, 
a plane bisecting the center of the sensor coil The user thus is able to determine the location 
of the catheter tip, the depth of the catheter in the body, and the direction in which the 
catheter tip is pointing. This allows the user to confirm that the catheter tip is in the correct 
location, and pointing in the correct direction, to ensure proper catheter placement. 

There is shown in Fig. 1 system 10 according to this invention for externally locating a 
sensor placed in a patient's body. System 10 includes an external probe which includes pair 12 
of perpendicular electromagnetic output coils. Coil pair 12 is moved over skin 7 to detect the 
depth of, and angular orientation of, inductive sensor coil 30 carried by and proximate the 
distal end of catheter 9 located under skin 7. 

The coils of coil pair 12 are driven by high fi-equency signals developed by coil drive 
voltage generator 2 under control of microprocessor SO. The coil drive voltages are 
preferably time-multiplexed to allow a single fi-equency source in microprocessor SO to be 
used to generate the drive signals for both coils. 

The electromagnetic fields generated fi-om coil pair 12 penetrate skin 7 and induce 
voltages in sensor coil 30. These induced signals are transformed, amplified, rectified and 
multiplexed by transformer/amplifier/rectifier/multiplexer circuit 8. A transformer is used to 
isolate the patient fi-om the input amplifier circuitry. The analog output signal of circuit 8 is 
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then digitized by analog*to-digital (A/D) converter 48. The digitized signals are provided to 
microprocessor 50, which determines from these signals, and the drive signals provided to coil 
drive voltage generator 2, both the distance between coil set 12 and sensor coil 30, and the 
direction D (called the "true direction") in which the distal end of catheter 9 is pointing. The 
depth is displayed to the operator by depth display 6. The catheter true direction is displayed 
to the operator by direction display 4. 

The use of an external probe with a pair of horizontal perpendicular output coils driven 
simultaneously with out of phase signals to create a virtual rotating magnetic field, a sensor 
coil which develops an induced electrical signal in response to the magnetic field generated by 
the output coils, and a distance determinator which determines, fi-om the induced signal, the 
distance between the output coils and the sensor coil, independently of the relative horizontal 
angular orientation of the sensor coil axis and the axis of either of the output coils, is disclosed 
in copending application Serial Number 07/755,024, filed on September 4, 1991, incorporated 
herein by reference. 

A preferred form of coil pair 12 is shown in more detail in Fig, 2 A. Coil pair 12 
includes cross-shaped coil form 13 on which are wound perpendicular, coplanar coils 103 and 
105. Form 13 may be magnetic material or not. In the drawing of Fig. 2A, the longitudinal 
axis of coil 103 lies along an X-axis, and the longitudinal axis of coil 105 lies along a Y-axis. 
For convenience of reference hereinafter, coil 103 will on occasion be referred to as "the X 
coil," while coil 105 will on occasion be referred to as "the Y coil." Coil set 12 is shown as 
being almost directly above sensor coil 30 of catheter 9. Longitudinal axis X of coil 103 is 
non-parallel to lon^tudinal axis Y of coil 105. Preferably, the axes are perpendicular. 
Longitudinal axis B of sensor coil 30 lies at an angle A fi^om axis X. The direction of the 
arrowhead on axis B also indicates the direction in which the distal end of catheter 9 is 
pointing (the true direction). 

Coils 103 and 105 are driven separately by an X drive voltage and Y drive voltage, 
respectively, generated by coil drive voltage generator 2, Fig, 1 . Together, coil drive voltage 
generator 2 and microprocessor 50 shown in Fig. 1 alternately energize coils 103 and 105. 
The distance determinator shown in Fig. 1 includes transformer/amplifier/rectifier/multiplexer 
8, A/D converter 48, and microprocessor 50, which together determine from the voltage 
induced in sensor coil 30 the distance between sensor coil 30 and coils 103 and 105. 
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Preferably, all of the conqionents of system 10, with the exception of catheter 9, are carried by 
an external probe (not shavm). 

Coils 103 and 105 are alternately energized to generate a time-varying magnetic field 
which penetrates a patient's skin. In one embodiment, the time-varying magnetic field is 
created by first driving X coil 103, and then driving Y coil 105 with the same high frequency 
voltage. Coils 103 and 105 are then again sequentially driven by the same voltage, but 
reversed in phase in relation to the voltage used to drive the coils the first time. This scheme 
creates a magnetic field whose axis points in sequence to 0 , 90 , 180 , and then 270 . This 
pattern is repeated over and over to create a virtual rotating magnetic field. In another 
embodiment, which is the preferred embodiment which is employed in the remainder of the 
description of the preferred embodiments, coils 103 and 105 are driven alternately by the same 
drive voltage, without the phase reversal discussed above. This creates a magnetic field whose 
axis points in sequence to 0 , 90 , 0 , 90 , etc. 

Because coils 103 and 105 are driven alternately without phase reversal, the voltage 
induced in coil 30 is related to both the sensor-to-coti distance, as well as the horizontal angle 
A of sensor axis B relative to X-coil 103 axis X, and Y-coil 105 axis Y. If Vsx is defined as 
the voltage induced in sensor coil 30 by the field fi-om coil 103, and Vsy the coil 30 induced 
voltage fi-om coil 105, those values may be determined by the following equations: 



where 

Vsx = induced sensor voltage due to field fi-om X coil 
Vsy = induced sensor voltage due to field fi-om Y coil 
k = a constant 

A = horizontal angle between the projection of the axis of the sensor coil and the 
projection of the axis of the X coil into a plane parallel to the X and Y coils' axes 
d = distance between sensor and output coils 

Vsx is thus a maximum when A = 0 , and a minimum when A = 90 . Conversely, Vsy 
is maximum when A 90 , and nnnimum when A = 0 . The vector sum of Vsx and Vsy is 
independent of angle A. If this vector sum is labelled Vsh, the following holds true: 



(1) Vsx-kcosA/d3 

(2) Vxy = ksinA/d3 



(3) Vsh = [Vsx2 + Vsy2]Vi 
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Since Vsh^ is in itself a quantity independent of angle A, it is not necessary to calculate 
the square root of the sum of the squares, as is done in equation (3). By not performing the 
square root calculation, the number of calculations required by microprocessor 50, Fig. 1, is 
reduced, allowing more time for other calculations to be performed by microprocessor 50. 

Microprocessor 50 reads and stores the amplified, rectified Vsx and Vsy vokages, and 
performs the calculations of equations 1 through 3 to develop Vsh or Vsh^, As explained 
below, nucroprocessor 50 then puts out digital information to drive depth display 6. 

Fig. 2B is a graph of instrument position versus Vsh. Note that the voltage values on 
the vertical axis are logarithmic. Shown are measurements taken at sensor coil depths below 
coil pair 12 of 2.5 cm, 5 cm, 10 cm, and 15 cm. These appear fi-om the top to the bo-tom of 
Fig. 2B in the order just listed. Coil pair 12 v^as moved at right angles to the sensor coil 
longitudinal axis, starting at a position directly over the sensor coil (0 cm), out to 20 cm in 
either direction from the sensor coil longitudinal axis. As can be seen, the drawing of Fig. 2B 
illustrates that the induced sensor voltage is maximum when the output coils are directly over 
the sensor coil. As the coil pair is moved horizontally in a straight line at right angles to the 
sensor coil axis, the sensor voltage decreases as shown. 

It is also desirable for the system of this invention to determine the true direction D in 
which the catheter tip is pointing. This is the direction of arrow B, Fig. 2 A, which may be 
defined in relationship to the direction of axis X or axis Y As shown in Fig. 3, the direction 
of sensor coil longitudinal axis B (the true direction) may be defined by angle A between axis 
B and axis X of coil 103. Microprocessor 50 calculates angle A according to the following 
equation: 

(4) TanA=VsyA/sx 

where A is defined as the horizontal angle between sensor axis B and the X-coil axis X. 

Angle A may lie in any one of the four quadrants defined by the X and Y axes. In 
order to determine the true direction in which the catheter tip is pointing, it is necessary not 
only to calculate the tangent of the angle A, but also to determine into which quadrant sensor 
coil 30 is pointing. This determination is made by measuring the phase between the voltage 
used to drive X coil 103, and the Vsx and Vsy voltages. When coil 30 is pointing to the 
positive X side of the Y axis, the phase difference between the X coil drive voltage and Vsx is 
0 degrees. When output coil 30 is pointing to the negative X side of the Y axis, there is a 
180** phase difference between those two voltages. Similarly, when sensor coil 30 is pointing 
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to the positive Y side of the X axis, the Y coil drive voltage used to drive coil 105, and the 
voltage induced in the sensor coil from the Y coil voltage, are in phase (0 degrees). When 
sensor coil 30 is pointing to the minus Y side of the X axis, those two voltages are out of 
phase (180 degrees). Thus, by making the two phase comparisons, the quadrant is 
detemuned, which then folly defines the direction of longitudinal axis B in relation to 
lon^tudinal axis X, thus determining the catheter distal end true direction. 

Fig. 4A is a cross sectional view through a preferred embodiment of the external probe 
220 and the catheter 9 including sensor coil 30, of the system of this invention. Fig. 4A 
hfitroduces an additional concept of a preferred embodiment of the ^stem of this invention. 
Hand-held probe 220 includes horizontal coil pair 12 as described above relative to Figs. 2A 
and 3. Also included is vertically-oriented electromagnetic coil 122 which lies along "vertical" 
longitudmal axis 123, i.e., an a?ds transverse to a plane parallel to the axes of coils 103 and 
105. Fig. 4B shows an alternate way of constructing coil set 12a to incorporate vertically 
oriented coil 122a and horizontal coils 103a and lOSa. In use, probe 220 is held so that 
rounded probe tip 223 is on or next to the skin surface 221. As explained below, the probe is 
moved across surface 221 to locate sensor coil 30 near the distal end of catheter 9. Two wires 
125 lead from catheter 9 to probe 220 to cany the signal induced in coil 30 by the magnetic 
fields generated from coil set 12 and vertical coil 122. Operator displays 222 mounted in 
probe 220 are described in more detail below. 

Vertical coil 122, Fig, 4 A, is used to determine when probe tip 223 is at or very close 
to plane P shown in Fig. 5A, which bisects sensor coil 30 and is perpendicular to longitudinal 
axis 124 of sensor coil 30. This embodiment of the system includes a sensor coil position 
determinator for determining, from the vertical output coil drive voltage, and the electrical 
voltage induced in sensor coil 30 by this vertical coil drive voltage, when the longitudinal axis 
123 of vertical coil 122 is proximate plane P. This determines more exactly the position of 
sensor coil 30 in relation to probe 220. This determination can be made in two ways. The 
first way is to measure the phase change of the induced sensor voltage. 

As vertical coil 122 moves from one side of plane P to the other, the phase of the 
voltage induced in sensor coil 30, in relation to the phase of the high frequency drive signal 
used to drive coil 122, changes from 0 (in phase) to 180 (out of phase). For example, when 
coil 122 is at position 122a on one side of plane P, Fig. 5 A, the two signals are in phase. 
When coil 122 is at position 122c on the other side of plane P, the signals are out of phase. 
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When coU 122 is at position 122b, in which longitudinal axis 123 of coil 122 lies in plane P, 
there would be no signal. However, in reality the induced sensor signal in this case would veiy 
quickly alternate between being in phase and out of phase with the output coil drive signal, as 
due to movement of the operator's hand, and slight movements of the sensor coil in the 
patient, coil 122 would never actually remain exactly centered on plane P. 

The second way to determine the position of sensor coil 30 in relation to probe 220 is 
to measure the change in amplitude of the induced sensor voltage. It has been found that the 
amplitude of the induced sensor voltage from the field generated from the vertical coil drops 
to a minimum, or a null, when the coil is directly over the plane P, (position 122b). As shown 
in Fig. 5B, the induced sensor voUage Vsv drops nearly to 0 when coil 122 is positioned in 
plane P. At a sensor coil depth of 10 cm, the voltage increases up to approximately 40 
millivolts as the vertical coil is moved horizontally along axis 124, Fig. 5A, approximately 5 
cm from plane P. Thus, the positioning of the vertical coil in relation to the sensor coil can 
also be determined from the sensor coil output voltage. Detection of plane P may thus be 
based either on the phase change between the vertical coil drive voltage and the resulting 
induced sensor voltage, or by detection of the sensor vohage null. Null detection, the 
preferred embodiment, is described in relation to Figs. 6 through 9. 

Fig. 6 is an electronic schematic diagram of the preferred embodiment of the system of 
this invention. Horizontal output coils 103 and 105 are wound on cross shaped core 12. Also 
shown is vertically-oriented coil 122. The coils are driven sequentially as shovm in Fig. 7. 
Signal F is a high frequency drive voltage derived by dividing the clock frequency of 
microprocessor 50 using frequency divider 70. In one embodiment, the microprocessor 50 
clock frequency is 2 MHz, and the divider ratio is 32, resuhing in a frequency of signal F = 
62.5 kHz. The sequence of coil drives is established by the output coil driver means which 
includes microprocessor 50, frequency divider 70, exclusive OR circuit 72, and amplifiers 74. 
76, 78 and 80. Microprocessor 50 also has control outputs labelled X, Y, and V, shovm in 
Fig. 7. These control signals are provided to circuit 72 to result in muhiplexed high frequency 
drive signals which are amplified and provided to the appropriate coil as the X coil, Y coil and 
V coil currents depicted in Fig. 7. The vertical coil is thus energized after each time that either 
the X coil or Y coil is energized. The resulting voltages induced in sensor coil 30 are also 
shovm in Fig. 7. In this example, the sensor vohage induced by the X coil current is larger 
than that induced by the Y coil current. For other sensor coil directions, the sensor voltage 
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induced by the X coil current may be smaller than or equal to that induced by the Y coil 
current. 

The induced sensor voltage is coupled through isolation transformer 32 to amplifier 
34, band pass filter 35, fiill wave rectifier 36, low pass filter 38, and DC amplifier 40. Zero 
adjustment 39 ensures that the output of amplifier 40 is 0 volts when the sensor is positioned 
remotely fi-om all three of the output coils, at a point where virtually 0 voltage is induced in 
the sensor. The output of amplifier 40 is connected to multiplexer 46, whose timing is 
controlled by signals Ml and M2 fi-om microprocessor 50. The preferred multiplexing scheme 
is described below in conjunction with Fig. 9. The multiplexer output is connected to 
amplifier 47 which has a gain of 1. These components make up transformer/ 
amplifier/rectifier/multiplexer circuit 8a. The rectified, filtered output signal of amplifier 40 is 
shown in the lowermost graph of Fig. 7. 

As shown in Fig. 8, which is a graph of the output of multiplexer 46, the multiplexer is 
preferably timed to connect the amplifier 40 output vohage to amplifier 47 and then on to A/D 
converter 48 for the greater part of the measurement cycle. Multiplexer 46 is periodically 
connected to the battery voltage Vbat and precision DC voluge reference Vref, and to test 
sensor voltage Vts. In one embodiment, these three voltages are measured in sequence, once 
per second over three consecutive operating cycles. If the battery voltage Vbat drops below a 
predetermined threshold, microprocessor 50 is programmed to turn on a low battery indicator 
light. If the precision voltage reference Vref source changes value beyond a small tolerance, 
the microprocessor is preferably programmed to turn the instrument off 

Test sensor 130, Fig. 6, consists of a small inductive coil positioned adjacent to all 
three output coils. Typically, but not necessarily, its longitudinal axis is at a 45° angle to the 
longitudinal axes of all three output coils. The fields fi-om each of the three output coils 
induce voltages in the test sensor which are amplified, rectified and filtered by amplifier 132, 
rectifier 134, and low pass filter 136, respectively. The resulting voltage Vts is periodically 
read by microprocessor SO. If an output coil should break, or if the coil drive current should 
fail or decrease beyond a preset limit, the test sensor output voltage Vts would change 
accordingly. The microprocessor is programmed to sense this and turn the instrument off to 
ensure that the instrument is on only when fimctioning properly. 

The digital output of A/D converter 48 is coruiected to microprocessor 50. 
Microprocessor 50 is programmed to store the three voltage levels Vsx, Vsy and Vsv and 
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perfonn the appropriate calculations to determine the sensor depth (distance from output coils 
103 and 105 to sensor coil 30) and the tnie direction determined from angle A, Figs. 2A and 
3, as described above. The calculated values are then displayed as outputs to the operator. 
The preferred forms of the outputs are shown in Fig. 6 and also Figs. lOA through 1 1. 

Data establishing the sensor depth may be provided on four data lines to both decoder 
driver 52 and binary to seven-segment decoder driver 62. Driver 52 is enabled to drive light 
bar display 48, which may indicate the strength of the induced sensor voltage Vsh, shown in 
Fig. 2B. As described in the copending application incorporated herein by reference, light bar 
display 48a, Figs. lOA and lOB, may be mounted on the upper surface of hand held probe 
220a and include a number of segments which are typically LEDs with a scale of ccntmieters 
alongside. The minimum distance, which corresponds to the peak signal strength, is preferably 
continuously updated and the corresponding LED lit, along with the LED representing the 
currently-sensed distance, to give the operator a better idea of when the probe is closest to or 
directly over the sensor coil. Alternatively, numerical display 66, also shown as display 66a, 
Fig. 1 1, may be used to indicate the depth directly in inches or centimeters. The system 
converts Vsh (or Vsh^) to distance by using the value of the variable to address a distance 
lookup table in microprocessor 50, Fig. 6. The lookup table stores numbers which convert to 
the depth (in inches, centimeters, or audio frequency). 

Microprocessor 50 may also produce a variable frequency which is related to the 
induced sensor voltage and which is used to drive amplifier 42, which drives speaker 44 
through volume control 43. This provides a tone whose frequency changes relative to the 
induced sensor voltage. This feature is also described in more detail in the copending 
application incorporated herein by reference. 

Direction display 78 in this embodiment consists of eight LEDs arranged in a circle as 
shown in Fig. lOA as direction display 78a. These LEDs are driven by decoder-driver 76, 
which converts digital information from microprocessor 50 to energize the appropriate 
direction-indicating LED such as LED 227, Fig. lOA. This direction display mdicates that the 
distal end of the catheter is pointing in the direction of LED 227. This is the true direction in 
which the catheter distal end is pointing. This information is derived from the determination of 
angle A as described above in conjunction with Figs. 2 and 3. 

Fig. 9 is a flow diagram of the preferred embodiment of the program resident in 
microprocessor 50, detailing the steps used to drive the three output coils, collect the sensor 
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voltage level, make the necessary calculations and comparisons, and drive the audible and 
visual displays described above. 

Start step 300 initializes all the storage re^sters and timers to zero, or to appropriate 
start up values. In step 301, multiplexer 46 is set by microprocessor 50 to select the reference 
DC voltage reference VreF. then select the amplified, rectified output of test sensor 130, 
Vts, and sequentiaUy connect the voltages to A/D converter 48 shown in Fig. 6. If the values 
of the two voltages fall writhin preset limits, operation continues to step 302. Otherwise, a 
fiulure is indicated by alternately flashing the ON LED and the BATT.LOW LED for 15 
seconds. The instniment is then shut off In step 302, multiplexer 46 is connected by 
microprocessor 50 to the battery voltage Vbat- If Vbat is below a preset level, a low battery 
indicator, or LED, is activated by microprocessor 50. Operation would then continue to step 
303. 

In step 303, ndcroprocessor 50 selects line X shown in Fig. 6 to drive X coil 105. 
Multiplexer 46 is enabled to select the ampUfied and rectified induced sensor voltage at the 
output of amplifier 40, which is digitized and stored in the memory of microprocessor 50. 
Steps 304, 305 and 306 repeat the process for the vertical coil by selecting line V out of the 
microprocessor 50, tiie Y coil by selecting line Y out of the microprocessor 50, and the 
vertical coil a second time, respectively. 

In step 307, the signals induced by the X and Y coils are squared and summed by 
microprocessor 50 to produce a value which is based on the strength of the X and Y fields at 
the sensor, regardless of the sensor-to-output coil horizontal angle. In step 308, 
microprocessor 50 outputs fi-om its lookup table digital information to drive decoder drivers 
52 and 62 using the calculation as described above. At step 309, microprocessor 50 converts 
the values derived in step 307 to a variable fi-equency tone which drives speaker 44, 

Steps 310 through 317 are the sensor coil location determination and direction display 
steps. In step 310, micn>processor 50 reads the value of the sensor coil vohage induced by 
the field generated fi-om vertical output coil 122. Step 3 1 1 constitutes the microprocessor null 
detection subroutine for detecting the nuU in the output as shown in Fig. 5B. The 
microprocessor periodically reads and stores the peak value of the sensor vohage induced by 
tiie field fi-om vertical output coU 122. Microprocessor 50 has established therein a threshold 
value which is a specific percentage of the peak vertical induced voltage. Typically, this 
threshold is set as '/« of the peak voltage. Since the peak is continuously refi-eshed, this 
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threshold may change. When the sensed voltage drops below this threshold, the 
microprocessor enters a second state - caUed state 2. After entering into the second state, if 
the vertical induced voltage again rises above the threshold by a predetermined amount, for 
example 50% above the threshold, state 3 is entered in step 3 1 1 . If state 3 is entered, at step 
312 the value of Vsh2 is read. If the sensor-to-output coil distance determined from Vsh2 is 
greater than a preset value (in this case 1 8 cm) the direction display is inhibited. This prevents 
the direction calculation from being based on weak induced signals which may have a large 
noise component and thus be inaccurate. In step 313, the microprocessor detennines whether 
Vsh2 exceeds the peak value of Vsh2 divided by 4. If so, the tangent of angle A is calculated, 
step 314, the quadrant into which the sensor coil is pointing is determined, step 315, the 
appropriate direction-indicating LED is lit, step 316. and a "sensor found" audible beep is 
generated, step 317. This indicates to the operator that the sensor has been found. The 
direction calculation is performed only when the Vsv nuU has been detected (state 3). This is 
to ensure that the TangentA is calculated only when the XY output coil pair is closest to the 
sensor and at or near the plane of the sensor midpoint. This is where the tangent calculation is 
the most accurate. 

As can be seen from Fig. 5B, if probe 220, which contains vertical coil 122, is moved 
back and forth relatively quickly while held at about 15 to 20 cm horizontally removed from 
the biseaing plane, at which there is a relative null in voltage Vsv, a false null may be 
simulated. That is, the voltage Vsv can drop below the threshold and then rise again a 
percentage above the threshold. To reduce the likelihood of such a false null detennination, 
microprocessor 50 is preferably programmed to require state 3 to occur within a specific 
required time interval after state 2 is entered, or else null detection is inhibited. 

This state 2 to state 3 time interval is preferably variable with the strength of the peak 
voltage. For large sensor to output coil distances (depths), the peak signal is weak and the 
null is wide. That is, the voltage drops off relatively gradually as the vertical coil approaches 
plane P. In that case, a relatively long time interval is needed to allow the operator to move 
the instrument a sufficient distance to reach state 3. On the other hand, at shallow depths, the 
null becomes sharp and narrow. That is, the voltage drops off very rapidly when the output 
coil is very close to plane P. In this case, since the distance the probe must traverse to reach 
state 3 is small, the time interval can be short. 
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Fig. 5B illustrates this concept for three different catheter depths. At a depth of 10 
cm, the probe must move from point A to point B to enter state 3 . This equates to a distance 
of approximately 3 cm. If the probe is typically moved at 10 cm per second, the time interval 
to reach state 3 should be at least 0.3 seconds. At a depth of 20 cm, the distance from point C 
to point D is about 7 cm, which requires 0.7 seconds. Thus, the time interval should be at 
least 0.7 seconds. At shallow depths of 5 cm, only about 0.15 seconds is needed to traverse 
from point E to point F at the indicated speed. Thus, the time interval after state 2 is entered 
in which state 3 must be entered is preferably variable from about 0. 15 to about 1 .0 seconds. 
This time interval may be estabUshed by software in the microprocessor according to the peak 

value of Vsv uang a lookup table. 

In addition, the stored peak values of Vsh2 and Vsv are preferably made to decay at a 
specific time constant, typically between 0.3 and 2.0 seconds. Decaying the Vsv peak helps to 
reduce felse nuU determinations by contimiously reducing the threshold values at distances 
remote from the sensor. If the decay time constant is too short, null detection can be inhibited 
if the operator is moving the instrumem too slowly. If the decay constant is too long, fidse 
nulls can be indicated if the operator moves the instniment back and forth at a horizontal 
distance of perhaps 15 to 20 cm from the sensor coil. Preferably the Vsh2 peak is also 
decayed in a similar manner to ensure that null detection will not be inhibited if the operator 
should move the instrument slightly farther vertically from the sensor, thereby reducing Vsv 
while the same threshold voltage is maintained. 

Although specific features of this invention are shown in some drawings and not 
others, this is for convenience only as each feature may be combined with any or all of the 
other features in accordance with the invention. 

Other embodiments v«ll occur to those skilled in the art and are within the following 
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CLAIMS 

1 

2 1. For externally locating a sensor in tissue, a system comprising: 

3 A) an external probe including at least first and second output coils having respective 

4 non-parallel first and second output-coil axes; 

5 B) an output coil-driver circuit that alternately so energizes the first and second output 

6 coils as to generate first and second time-varying magnetic fields that penetrate the 

7 tissue; 

8 C) a sensor coil that has a sensor-coil axis and develops first and second sensor signals 

9 in response to the first and second time-varying magnetic fields, respectively; and 

10 D) a distance determinator that determines fi-om the first and second sensor signals, 

1 1 independently of the relative angles between the projection of the sensor-coil axis 

12 and the projections of the first and second output-coil axes into a plane parallel to 

13 the first and second output-coil axes, the distance between the sensor coil and the 

14 output coils and generates a distance signal representative of the distance thus 

15 determined. 



1 2. A system as defined in claim 1 further including a distance indicator that receives the 

2 distance signal and generates a humanly perceptible indication of the distance represented 

3 thereby. 



13. A system as defined in claim 1 fiirther including a catheter in which the sensor coil is 
2 mounted. 



1 
2 
3 



4. 



For externally locating a sensor in tissue, a system comprising: 

A) an external probe including at least first and second output coils having respective 
non-parallel first and second output-coil axes; 
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4 B) an output coil-driver circuit that alternately so energizes the first and second output 

5 coils as to generate first and second time-varying magnetic fields that penetrate the 

6 tissue; 

7 C) a sensor coil that has a sensor-coil axis and develops first and second sensor signals 

8 in response to the first and second time-varying magnetic fields, respectively; and 

9 D) a distance determinator that determines from the first and second sensor signals, 

10 independently of the relative angles between the projection of the sensor-coil axis 

1 1 and the projections of the first and second output-coil axes into a plane parallel to 

12 the first and second output-coil axes, the distance between the sensor coil and the 

13 output coils and generates a distance signal indicative of the distance thus 

14 determined; and 

15 E) a direction determinator that determines fl-om the first and second sensor signals 
15 the relative angle between the projection of the sensor-coil axis and that of at least 
17 one of the first and second output-coil axes into a plane parallel to the first and 

Ig second output-coil axes and generates an angle signal representative of the angle 

19 thus determined. 

1 5 . A system as defined in claim 4 wherein the direction determinator determines the 

2 relative angle by computing a quantity proportional to a ratio of the first and second sensor 

3 signals. 

16. A system as defined in claim 5 wherein: 

2 A) the output coil-driver circuit drives the first and second coils with time-varying 

3 signals with respect to which the first and second sensor signals have relative 

4 phases; and 

5 B) the direction determinator determines the relative angle additionally in accordance 

6 with those relative phases. 



1 7, A system as defined in claim 4 fiirther including a direction indicator that receives the 

2 angle signal and generates a humanly perceptible indication of the angle represented thereby. 
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18. A system as defined in claim 4 fiirther including a catheter in which the sensor coil is 

2 mounted. 

1 9. For externally locating a sensor in tissue, a system comprising: 

2 A) an external probe including at least first and second output coils having respective 

3 non-parallel first and second output*coiI axes and fiirther including a third output 

4 coil having a third output-coil axis transverse to a plane parallel to the first and 

5 second output-coil axes; 

6 B) an output coil-driver circuit that alternately so energizes the first and second output 

7 coils as to generate first and second time-varying magnetic fields that penetrate the 

8 tissue and that fiirther so energizes the third output coil as to generate a third time- 

9 varying magnetic field that penetrates the tissue, 

10 C) a sensor coil that has a sensor-coil axis and develops first, second, and third sensor 

1 1 signals in response to the first, second, and third time-varying magnetic fields; and 

12 D) a distance determinator that determines fi-om the first and second sensor signals, 

13 independently of the relative angles between the projection of the sensor-coil axis 

14 and the projections of the first and second output-coil axes into a plane parallel to 

15 the first and second output-coil axes, the distance between the sensor coil and the 

16 output coils and generates a distance signal indicative of the distance thus 

17 determined 

18 E) a sensor-coil-position determinator that determines fi*om the third sensor signal 

19 whether the third output coil's axis is proximate a bisecting plane normal to the 

20 sensor-coil axis at the sensor coiPs midpoint and generates a proximity signal 

21 indicative thereof 

1 10. A system as defined in claim 9 further including a distance indicator that receives the 

2 distance signal and generates a humanly perceptible indication of the distance represented 

3 thereby. 



1 
2 
3 



11. 



A system as defined in claim 9 further including: 

A) a direction determinator that determines from the first and second sensor signals 
the relative angle between the oroiection of the sensor-coil axis and that of at least 
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4 one of the first and second output-coil axes into a plane parallel to the first and 

5 second output-coil axes and generates an angle signal representative of the angle 

6 thus determined; and 

7 B) a direction indicator that receives the angle signal and generates a humanly 

8 perceptible indication of the angle represented thereby. 

1 12, A system as defined in claim 9 fiirther including a proximity indicator that receives the 

2 proximity signal and generates a humanly perceptible indication thereof 

1 13 . A system as defined in claim 9 fiirther including a catheter in which the sensor coil is 

2 mounted. 

1 14. A system as defined in claim 9 wherein the sensor-coil-position determinator 

2 determines that the third output coil's axis is proximate the bisecting plane by determining that 

3 a relative null has occurred in the magnitude of the third sensor signal. 

1 15. For externally locating a sensor in tissue, a system comprising: 

2 A) an external probe including an output coil; 

3 B) an output coil-driver circuit that so energizes the output coil as to generate- a time- 

4 varying magnetic field that penetrates the tissue; 

5 C) a sensor coil that has a sensor-coil axis and develops a sensor signal in response to 

6 the time-varying magnetic field; and 

7 D) a sensor-coil-position determinator that establishes a first threshold equal to a 

8 fi-action of the peak value of the sensor signal's magnitude, makes a determination 

9 fi-om the sensor signal of whether the output coil's axis is proximate a plane normal 

10 to the sensor-coil axis at the sensor coil's midpoint by determining whether a 

1 1 relative null has occurred in the sensor signal, and generates a proximity signal 

12 indicative of that determination, the proximity signal indicating that the relative null 

13 has occurred only if the sensor signal's magnitude falls below the first threshold. 
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2 16. A system as defined in claim 15 wherein the sensor-coil-position determinator 

3 establishes a second threshold greater than the first threshold and determines that the relative 

4 null has occurred only if the sensor signal's magnitude rises above the second threshold after 

5 falling below the first threshold. 



1 17. A system as defined in claim 16 wherein the sensor-coil-position determinator 

2 determines that the relative nuU has occurred only if the sensor signal's magnitude rises above 

3 the second threshold within a predetermined time interval after falling below the first 

4 threshold. 



1 18. A system as defined in claim 1 5 wherein the sensor-coil-position determinator reduces 

2 the first threshold over time. 



1 
2 



19. A system as defined in claim 1 5 fiirther including a catheter in which the sensor coil is 
mounted. 
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